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Abstract

Performancenodelinghasbeenmadeeasierby architectures
which packagepsychologicatheoryfor reuseat usefullevels
of abstraction. CPM-GOMS usestemplatesof behaviorto
packageat a task level (e.g., mouse move-click, typing)
predictionsof lower-level cognitive, perceptual,and motor
resourceuse. CPM-GOMSalsohasa theoryfor interleaving
resourcaisebetweertemplates.Oneexampleof interleaving
is anticipatoryeye movements. This paperdescribeghe use
of ACT-Stitch, a framework for translating CPM-GOMS
templatesand interleaving theory into ACT-R, to model
anticipatory eye movementsin skilled behavior. The
anticipatory eye movementsexplain performancen a well-
practicedperceptual/mototask,andthe interleavingtheoryis
supported with results from an eye-tracking experiment.

Introduction

Predicting skilled human performance by means of
computermodelingis a valuablebut difficult process.One
easyway for modelersto describeperformancewould be a
series of task-level (e.g., mouse move-click, typing)
templates of behavior, laid end-to-end. But skilled
performersdo not completeall subcomponent®f a task
before going on to the next task. Instead, some
subcomponent®f the next task are interleavedinto the
earliertask. Oneexampleof this interleavingis anticipatory
eyemovements.lt hasbeenfoundthatthe eyescanmovein
anticipationof upcomingtasksin domainssuchas driving
(Land & Lee, 1994),teamaking (Land & Hayhoe,2001)
and hand-washing(Pelz & Canosa,2001). In the hand-
washingtaskexample while peopleperformthe subtaskof
first getting their handswet they interleavea look to the
soapdispensetbefore performing the motor actionsin the
subtask of soapingtheir hands. So an easy-to-usebut
detailed modeling framework needs both task-level
templatesof humanbehaviorand a theory of interleaving
the lower-level perceptual,cognitive, and motor operators
which makeup the templategMatesseaet al., 2002). CPM-
GOMS (John, 1988; 1990) is an example of such a
framework, but it is only recently that the templatesand
interleaving theory of CPM-GOMS have been automated
(Johnet al., 2002). Ongoing researchis developingmore
templates and investigating the interleaving theory in
computationabystems. ACT-Stitch (Matessasubmitted)is
a frameworkfor automatingthe templatesand interleaving
theoryof CPM-GOMSin the cognitive architectureACT-R
(Anderson& Lebiere,1998). This paperwill showhow the
interleaving theory of ACT-Stitch produces interleaved
anticipatoryeyemovementsvhich explainperformancen a
well-practiced perceptual/motortask. Then empirical

supportfor the interleavingtheoryis given by resultsfrom
an eye-tracking experiment.

CPM-GOMS

CPM-GOMS (John, 1988; 1990) uses templates of
behaviorto packageat a tasklevel (e.g.,mousemove-click,
typing) predictionsof lower-levelcognitive, perceptualand
motor resourceuse. Even behavioras simple as a mouse
moveandclick requirescoordinationof the useof cognitive,
perceptualand motor resources.In orderto carefully click
on a target,it is necessaryo find the targetlocation, move
the eyesto that location and perceivethe target, verify the
targetlocation, move the cursorto the targetlocation, and
click the mouse button. CPM-GOMS templates are
interleavedo reflectthe ability of skilled peopleto perform
parts of one task in parallel with another.

ACT-R

ACT-R (Anderson& Lebiere,1998)is a computational
theory of human cognition incorporatingboth declarative
knowledge(e.g., addition facts) and proceduralknowledge
(e.g., the process of solving a multi-column addition
problem)into a productionsystemwhere proceduralrules
act on declarativechunks. Chunks are made up of slots
containinginformation, and productionrules which match
theinformationin chunkslotsareableto execute. Thegoal
chunk representghe currentintentions. Productionrules
have the ability to perceive objects and make motor
movements through perceptual and motor buffers.

ACT-R doesnot have a built-in theory of multi-tasking
which would interleavetasks,althoughsomework hasbeen
donein modelingmulti-taskingin the ACT-R architecture
(Byrne & Anderson,2001;Lee & Taatgen2002; Salvucci,
2002).

ACT-Stitch

ACT-Stitch (Matessasubmitted)usesa processof macro-
compilationto translateCPM-GOMS templatesof human
behavior into ACT-R productions. More specifically,
cognitive operatorsare translatedinto productions with

ACT-R perceptual-motorcommandsthat representCPM-
GOMS perceptual-motor operators. Productions also
containa control structurethat allows ACT-R to implement
CPM-GOMS interleaving and have productionsfrom one
template executeduring the executionof productionsfrom
anothetemplate. This differs from the ACT-Simplesystem
(Salvucci& Lee, 2003)that compileda sequencef KLM-

GOMS tasks into a series of productions which were
controlled by an incrementing state counter.



Productionscreatedfrom macro-compilatiormustensure
proper sequencingof motor actions, ensurethe ability to
allow the correct productions in future templates to
interleaveduring the executionof productionsn the current
template, and ensure the ability to block the incorrect
productions in future templates from interleaving with
productions in the current template.

Thesethreerequirementareaccomplishedn productions
by using information in the current goal as well as
perceptual-motobuffers. Slotsin the goal are createdfor
the vision and handresourcedor both the intendedaction
andtargetmakinguseof theresource.This makesfour slots
in the goal: vision action, vision target, hand action, and
handtarget. To ensuregpropersequencingthe actionslotsin
productions of the current template are filled with an
intendedaction appendedwith the unique number of the
currenttemplate. Also, the targetslots are filled with an
intendedtarget. The intendedaction cannotbe usedalone
sincewithout the templatenumberno sequencénformation
would be stored.The templatenumbercannotbe usedalone
since there may be multiple actionsin the sametemplate
usingthe sameresourcge.g.,mousemoveandclick). The
intended target cannot be used alone since sequence
information would be lost if a target appearstwice in a
sequence(e.g., clicking the same number twice). The
intendedtarget cannot be ignored since the same action
could be usedin a templatefor two targets(e.g., verify
target and verify cursor).

To ensurethe ability to interleaveproductions,separate
action slots are usedfor eachresource(vision and hand).
This allows, for example,a procedureto initiate a vision
actionfrom a future templatebeforea procedurenitiates a
handactionfrom the currenttemplate. To ensurethe ability
to block productionsfrom future templatesthe action slots
are filled with intendedactionsappendedwith the current
templatenumber. This preventsfor examplemovingto the
next targetwhile the handresources free betweenmoving
to the currenttargetandclicking on the currenttarget. The
templatenumbercannotbe containedn a separateyoal slot
becausethat would not allow productionsfrom the next
templateto executebefore the productionsof the current
template have finished.

Perceptual-motoibuffers are also used in sequencing.
Productionsthat interactwith the perceptual-motobuffers
canfill or emptythe buffersandcancheckthe statusof the
buffers before using them.

Thesegoal slotsandbufferscould be extendedo include
resourcesuchasa left hand and buffers suchas memory
retrieval in future template development.

Empirical Validation

ATM Task

ACT-Stitch was applied to the automated teller machine task

usedby Johnet al. (2002)to testtheir automationof CPM-
GOMS. The task was to make an $80 withdraw from a
checking accounton a simulation of an automatedteller
machine.Usersinteractedwith the ATM by usinga mouse

to click on simulatedkeysor slots. The userswereinstructed

to follow the following steps:
Insert card (click on the card slot)
Enter PIN (click on the 4, 9, 0, and 1 keys in turn)
Press OK (click on the OK button)
Select transaction type (click on the withdraw button)
Select account (click on the checking button)
Enter amount (click on the 8 and 0 keys)
Select correct/not correct (click on the correct button)
Take cash (click on the cash slot)
Select another transaction (click on the No button)
Take card (click on the card slot)
Take receipt (click on the cash slot)

This task was repeated?00 times by the users,and results
were analyzedusing the meansof trials 51-10Q This level
of practiceis comparableo thatusedby both Card,Moran,
and Newell (1983) in a text editing task and Baskin and
John(1998)in a CAD drawingtaskwhenthey exploredthe
effects of extensivepractice on matchto various GOMS
models. As in John et al. (2002), Slow-Move-Click
templateswere used for clicking on targets that were
difficult to selectbecausef sizeanddistance(e.g.,the thin

card slot) and Fast-Move-Click templateswere used for
easiertargets(e.g., keypadkeys). Thesetemplateswere
originally developedfor the simple task of clicking on lit

circles by Gray & Boehm-Davis (2000) and were
successfully reused by John et al. to explain subject
performance.The Fast-Move-Clicktemplateis madeup of
operatorswhich find the targetlocation, move the eyesto
that location and perceive the target, verify the target
location,movethe cursorto thetargetlocation,andclick the
mousebutton. The Slow-Move-Clicktemplatecontainsthe
same operatorsas the Fast-Move-Click template but in

additionhasoperatorgo perceivethe cursorandverify it is

atthetarget. In orderto determineesye movemenidurations
in ACT-Stitch, the EMMA (Salvucci, 2000) extensionto
ACT-R was used.

To get an idea of what a templatelooks like after being
compiled into ACT-R productions,the following shows
pseudo-codefor the Fast-Move-Click template. Each
instanceof a templatein the task sequenceist would have
its own set of productionslabeledby the position of the
template in the list (x).

Tx-Init-Move-Cursor

IF
right hand action goal is to move the cursor in this template
right hand target goal is this template's object
motor preparations have completed

THEN

move cursor
empty right hand target goal
set right hand action goal to click the mouse in this template

Tx-Attend-Targ
IF
vision action goal is to attend target in this template
vision target goal is this template's object
visual location and object buffers are empty
vision is available
THEN

fill visual location buffer with location where

this template's object should be

Tx-Init-Eye-Move
IF



vision action goal is to attend target in this template
vision target goal is this template©s object
visual object buffer is empty
visual location buffer holds object location
THEN
fill visual object buffer with object at location
empty visual location buffer

Tx-Verify-Targ-Pos
IF

vision action goal is to attend target in this template

vision target goal is this template©s object

right hand target goal is empty

visual object buffer holds object at location y

location y is the expected location of this template©s object

THEN
empty visual object buffer
set visual action goal to attend in the next template
set visual target goal to next template©s object
set right hand target goal to this template©s object
Tx-Init-Click
IF
right hand action goal is to click the mouse in this template
right hand target goal is this template©s object
motor preparations have completed
THEN

click mouse
set right hand action goal to move the cursor in next template
set right hand target goal to next template©s object

Productions that initiate motor movements (Init-Move-

The resultsare highly correlated(r=.96) with a low average
absolute difference of 57msec.

The effect of interleavingon resourceuse is shown in
PERT chart form in Figure 2. This outputis from the
Sherpavisualizationtool developedoy Johnet al. (2002)in
their work to automateCPM-GOMS. The top row shows
vision execution,the secondshowsvision preparation the
third cognition, the fourth showsmotor preparationandthe
bottomshowsmotor executionandfinishing. Resourcause
is indicatedwith colored boxes,and instancesof resource
use in the same template are shown with the same color.

The figure is centeredon the templatefor performinga
Fast-Move-Click on the zero key (the lightest colored
boxes),which is one of the fastestbehaviorsin the taskfor
the subjects. ACT-Stitch explains this speed with an
anticipatory eye movementto the zero key before the
preceding nine key is clicked.

Sequential Response Task

To test the anticipatory eye movementprediction of the
interleavingtheory in ACT-Stitch, the sequentialresponse
taskusedby Wu & Remington(2004)wasmodeled. In this
task,subjectsvieweda seriesof five lettersandrespondedo

each individually. 8bjects made sequential fixations to each

of thefive stimuluscharactersandomlydrawnfrom the set
T, D, and Z, and madechoice responsesnappedto three

Cursor and Init-Click) first check that the motor preparationgesponséeys(V, B, andN) on a PC keyboardandassigned

from previous motor movementshave completed. Since
motor preparationscan happenin parallel with motor
executions and finishes in ACT-R, this means that
preparationscan start during previous executions and
finishes. Productionscould be written to wait for the
previousexecutionsandfinishesto completebeforestarting
preparations, but they would not be as efficient.
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Figure 1: Average subject performance compared to
ACT-Stitch predictions

Figure1 compareACT-Stitch predictionsof mouseclick
timesto averagesubjectmouseclick timesof trials 51-100.

to thefirst threedigits of theright hand.Eye movementand
key presseswere recorded,and the stimulus letters were
small enoughand separate@&noughso that identification of
stimuluslettersrequiredseparatesaccadeandfixations. In
Experimentl of Wu & Remington(2004), the effect of
brightnessof stimuli was investigatedwith dim and bright
stimuli conditions but no statisticallysignificantdifferences
were found. The predictionsof the ACT-Stitch model will
be comparedto the results from the bright condition.
Subjects were given 24 practice trials with the bright
condition, then 120 trials divided into two blocks, one for
each brightness condition.

The task was modeled in ACT-Stitch by creating a
templatefor respondingto a letter with an appropriatekey
pressand applying this templateto each stimulus letter..
The responseéemplateconsistef operatordor finding the
location of a letter, moving the eyesto that location and
perceivingthe letter, deciding a responseand pressinga
key. As with the ATM task,the EMMA (Salvucci,2000)
extensionwas usedto determineeye movementdurations.
The interleavingtheory of ACT-Stitch predictsanticipatory
eye movements where productions representing vision
initiation operatorsfrom a future template can execute
during the executionof productionsrepresentingoperators
in the current template.
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Figure 2: PERT chart of ACT-Stitch interleaving perceptual execution, perceptual preparation,
cognitive, motor preparation, and motor execution and finishing resources in the ATM task

Figure 3 shows the time line of ACT-Stitch predictions formouseclicks and one showinganticipatoryeye movements

eyefixations andtyping responsesor thefirst four stimulus
items (only four stimuli are presentedecausesubjectshad
various strategiesor whereto fixate their eyesduring the
last stimulusresponse). Each horizontal bar representshe
durationof responséo a single stimulus,beginningwith the
eye fixation on a stimulus and ending with the typed
response. The dark area representseye fixation time
(“fixation time”) and the light area representsthe time

of measured eye fixations.

There is room for improvement, especially in the
sequentiakesponsedask. The fixation andtyping times of
the model are consistently less than subjects, perhaps
indicatingthat subjectsaredoing someprocessinghatis not
accountedfor by the model. Further work with the
sequentialresponsetask done by Wu, Remington, and
Pashler(submitted)showsthat fixation times on a specific

between moving the eye fixation to the next stimulus and thstimuluscanbelengthenediependingon theresponsef the

responsdo the currentstimulus(“typing time”). Sincethe
typedresponsdor a particularstimulus occursat the same
time asfixationsfor the nextstimulus,the figure showsthat
ACT-Stitch predicts anticipatory eye movements.

Figure 4 showsthe time line of subjectperformanceor
eyefixations andtyping response the bright condition of
Experimentl of Wu & Remington (2004). The figure
shows the anticipatory eye movementsthat the model
predicts. The zero-parametertiming predictions are
relatively close,with an averagedifferenceof fixation time
of 126msecand an averagedifference of typing time of
64msec. The fixation and typing times of the model are
consistentlylessthanthosefor subjects perhapsindicating
thatsubjectsaredoing someprocessinghatis notaccounted
for by themodel. As canbeseenin Figure5 (a PERT chart
representationf the model©gerformance)thefixation time
is directly influencedby the time to decideon a mapping
betweenletter andkey. A post-hocchangeof the decision
time from 50msecto 150msecwould reducethe average
differenceof fixation time betweenmodel and subjectsto
26msecwhile keepingthe averagalifferenceof typing time
at 64msec. Anotherfeatureof the datanot accountedor by
the model is the decreasingtyping time over subsequent
stimuli. Theselimitations of the model will be discussed
later.

General Discussion

Theinterleavingtheoryof ACT-Stitch producesanticipatory
eye movementghat give a good accountfor datafrom two
tasks, one showing quick motor responseof measured

previousstimulus,suggestinghe processingf the previous
stimulusis still occurringafter the fixation is started. The
ability of ACT-Stitch to interleave productions from
differenttaskswill be usefulin trying to developmodelsto
explain this result. Wu et al. also replicate finding of the

decrease in time between end of fixation and typed response.

It is difficult to explain this result with identicaltemplates
that do not make referenceto the number of stimuli
remainingto be processedecausehe timing of perceptual
and motor processings linked by cognition. One possible
solution may involve perceptualand motor processingof
different durationsthat are decoupledfrom cognition by
meansof the motor buffers (derived from EPIC) or visual
buffers(derivedfrom EMMA). Sincepreparatiorcanoccur
in parallelwith executionin thesebuffers, preparationsan
put visual or motor actionsin a queuethat could decouple
the start of the executionfrom the start of the cognitive
initiation.

This paper offers only a first step of a templateand
interleavingtheory in ACT-R. Many more templatesare
neededo testthe robustnes®f the representationasedfor
theinterleavingtheory.But this work is afirst stepto easier
modeling and multi-tasking in ACT-R.



Figure 3: Time line of predictions for eye fixations and typing responses from the ACT-Stitch model

Figure 4: Time line of eye fixations and typing responses from subjects in Wu & Remington (2004)

Figure 5: PERT chart of ACT-Stitch interleaving perceptual execution, perceptual preparation,
cognitive, motor preparation, and motor execution and finishing resources in the sequential response task



Acknowledgments

This work wassupportedby Office of Naval Researclgrant
N00014041P2002 and by funds from the Airspace
Operations System project of NASA©OsAirspace System
program.

References

Anderson, J. R., & Lebiere, C. (1998). The atomic
components of thought. Hillsdale, NJ: Erlbaum.

Baskin,J.D., andJohn,B. E. (1998).Comparisorof GOMS
Analysis Methods. Proceedings of ACM CHI 98
Conferenceon Human Factorsin Computing Systems
(Summary) 1998 v.2 p.261-262.

Byrne, M. D., & Anderson,J. R. (2001). Serialmodulesin
parallel: The psychologicalrefractory period and perfect
time-sharing. Psychological Review, 108, 847-869.

Card, S. K., Moran, T.P. & Newell, A. (1983). The
Psychology of Human-Computerinteraction. Hillsdale,
NJ: Lawrence Erlbaum Associates.

Freed,M., MatessaM., Remington,R. andVera,A. (2003)
How Apex automatesCPM-GOMS. Proceeding®f the
Fifth International Conferenceon Cognitive Modeling,
pp. 93-98. Bamberg, Germany:Universitats-Verlag.

Gray, W. D., & Boehm-Davis,D. A. (2000). Milliseconds
matter:An introductionto microstrategiesndto their use
in describingand predictinginteractivebehavior.Journal
of Experimental Psychology: Applied, 6(4), 322-335.

Gray,W. D., John,B. E. & Atwood, M. E. (1993) Project
Ernestine:Validating a GOMS Analysis for Predicting
and Explaining Real-World Task PerformanceHuman-
Computer Interaction, 8 (3), pp. 237-309.

John,B. E. (1988) Contributionsto EngineeringModels of
human-computerinteraction. Ph.D. Thesis. Carnegie
Mellon University.

John,B. E. (1990) Extensionsof GOMS analysego expert
performancerequiring perceptionof dynamicvisual and
auditory information. In proceedingsof CHI, 1990
(Seattle,Washington April 30-May 4, 1990) ACM, New
York, 107-115.

John,B. E. & Kieras,D. E. (1996). The GOMS family of
user interface analysis techniques: Comparison and
Contrast, ACM Transactions on Computer-Human
Interaction, 3 (4), pp. 320-351.

John, B. E., Vera, A. H., Matessa,M., Freed, M., and
Remington, R. (2002) Automating CPM-GOMS. In
Proceeding®f CHI'02: Conferenceon HumanFactorsin
Computing Systems. ACM, New York.

Land, M. F., & Hayhoe,M. (2001).In what ways do eye
movements contribute to everyday activities? Vision
Research, 41, 3559-3565.

Land,M. F., & Lee,D. N. 1994.Wherewe look whenwe
steer. Nature, 369, 742-744.

Lee, F.J. & Taatgen,N.A. (2002). Multi-tasking as Skill
Acquisition. Proceedingsof the twenty-fourth annual
conferenceof the cognitivesciencesociety(pp. 572-577).
Mahwah, NJ: Erlbaum.

Matessa, M. (submitted to 2004 Cognitive Science
conference). An ACT-R framework for modeling
interleaving templates of human behavior.

MatessaM., Vera, A., John,B., Remington,R., & Freed,
M. (2002). ReusableTemplatesin Human Performance
Modeling. In Proceedingsf the Twenty-fourth Annual
Conference of the Cognitive Science Society.

Pelz,J.B. andCanosaR. (2001).OculomotorBehaviorand
Perceptuabtrategiesn ComplexTasks.Vision Research,
41, 3587-3596.

Salvucci, D. D. (2000). A model of eye movementsand
visual attention.In Proceeding®f the Third International
Conference on Cognitive Modeling (pp. 252-259).
Veenendaal, The Netherlands: Universal Press.

Salvucci, D. D. (2002). Modeling driver distraction from
cognitive tasks. To appearin Proceedingsof the 24th
Annual Conference of the Cognitive Science Society.

Salvucci, D. D., & Lee., F. J. (2003). Simple cognitive
modelingin a complexcognitive architectureTo appear
in Human Factorsin Computing Systems:CHI 2003
Conference Proceedings. New York: ACM Press.

Wu, S.-C., & Remington,R. W. (2004). Coordination of
componenimentaloperationdn a multiple-responséask.
Paperto appeaiin S.N. Spencel(Ed.), Proceeding®f the
Eye Tracking Researchand Applications Symposium
2004. New York: ACM SIGGRAPH.

Wu, S.-C.,Remington,R. W., & Pashler,H. (submittedto
2004 Cognitive Science conference).Coordination of
componentmental operationsin sequencef discrete
responses. Proceedings of the twenty-sixth annual
conferenceof the cognitive sciencesociety.Mahwah,NJ:
Erlbaum.



